Abstract: Optical nonlinear response and bistability behavior are observed in a fabricated silicon photonic crystal three defect-long (L3) nanocavity. The L3 cavity, which is coupled with a photonic crystal waveguide, has a quality factor of 60 000. Optical nonlinear response of the L3 cavity is observed at 4.65-W input power, and the threshold power for optical bistability in the L3 cavity is 26.1 W, which are the lowest values for silicon L3 cavities. A nonlinear coupled mode model is established to analyze nanocavity characteristics systematically. Numerical simulation results indicate that the ultralow power nonlinearity is due to the high Q factor and large thermal resistance of the nanocavity.
Introduction
Due to the rapid development of information society in the last decade, the demand of computation speed and data transmission bandwidth is becoming higher and higher. Photonics is introduced into the data-processing stage to replace traditional electronics, because of its higher operating speed and transmission bandwidth. Furthermore, all-optical processing eliminates power consumption of optical-electrical or electrical-optical signal conversion and can obtain extremely low power consumption. All-optical devices have attracted much attention in the last few years. Optical nonlinearity is one approach to realize optical diode [1] - [3] and all-optical logic gates [4] , and bistable devices are versatile foundations for optical signal processing [5] . There are many candidates to achieve bistable devices, including microring resonators [6] , periodically structured dielectric waveguides [7] and so on. However, the range of applications of these approaches is limited due to requirement of high input power and low integration density. It's reasonable to fabricate high integrated bistable devices operating at very low input power.
In 2003, physical property and loss mechanism of photonic crystal (PhC) nanocavity was realized clearly [8] . From that, the development of PhC nanocavity has been remarkable, lots of high-Q, ultra-high-Q and small mode volume PhC nanocavity were fabricated [9] - [11] and applied in various devices, including single-photon sources [12] , lasers [13] , [14] , light emitting diodes [15] and so on. Due to high-Q, small mode volume and strong light-matter interactions of PhC nanocavities, they are also used to enhance nonlinear characteristics [16] - [18] .
Bistability at threshold power of P tr ¼ 1 W based on a 2-D GaAs PhC nanocavity was realized by D. Rossi et al. in 2007 [19] . M. Notomi and his colleagues obtained sub-femtojoule all-optical switching using an InGaAsP PhC nanocavity in 2010 [20] . However, due to various nonlinear effects in silicon, including thermo-optic effect, Kerr effect and two-photon absorption, it is a large challenge to obtain such low threshold power in silicon nanocavities. Indeed, nonlinear behavior observed at input power 10 W and low threshold power of P tr ¼ 40 W for optical bistability was achieved using 2-D silicon PhC nanocavity in recent reports [21] - [23] . M. Notomi et al. realized P tr ¼ 1:6 W for optical bistability using 1-D silicon nanocavity [24] , but P tr of the devices was very sensitive to the characteristic size and length of bridge in the nanocavity. Characteristic size of bridge should be very small (G 100 nm), and length of bridge should be very long. When length of bridge varied from 17 m to 14.5 m, P tr increased from 1.6 W to 63 W. Such long thin and impending bridge was very difficult to fabricate and very easy to bend to silicon substrate. Silicon 2-D PhC nanocavity may be a better choice. Now it is still a big challenge to realize lower threshold power for optical bistability.
In this paper, we focus on silicon 2-D PhC nanocavity to realize nonlinear response and optical bistability at ultra-low input power. In Section 2, we introduce fabricating processes of our samples and test methods briefly. In Section 3, ultra-low input power nonlinear response and optical bistability in fabricated nanocavity are described. In Section 4, nonlinear coupled mode model is established to analyze the contribution to the nanocavity characteristics of various factors, including Q factor, effective thermal resistance, linear absorption loss and effective free-carrier lifetime. Finally, we conclude our work in Section 5.
Fabrication and Experimental Setup
In the experiment, electron beam lithography (Vistec EBPG 5000 plus) and inductively coupled plasma etching were used to define PhC nanocavities on a SOI wafer (220 nm thick silicon on 3000 nm thick silica). A scanning electron microscope (SEM) image of the fabricated sample and a schematic diagram of the measuring apparatus were shown in Fig. 1 . L3 cavities with a lattice constant of a ¼ 420 nm and a hole radius of r/a ¼ 0:3 were fabricated. Optimization of position of the three holes adjacent to the cavity was performed to obtain high Q factor [25] , shown in Fig. 1(a) . The measuring apparatus was shown in Fig. 1(b) , continuous-wave light from a tunable laser was coupled into the waveguide and PhC waveguide by grating couplers and then coupled into the cavity with evanescent-field coupling. The light from through port of devices was coupled out into a fiber and then measured by a spectrometer. ) showed the transmission spectrum of through port at a very small input power and profile for the Ey field component of resonant fundamental mode, respectively. One resonant dip at 1551.674 nm was observed, the FWHM (full-width-half-maximum) of the resonant dip was 25.9 pm. The measured Q total and T were 60 000 and 18.2% (the transmittance T was defined as the ratio of the transmitting energy in the presence of the cavity near the waveguide to the energy in the absence of the cavity). From the coupled mode theory [26] 
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Transmission Spectrum in Linear Regime
the estimated vertical Q v was 141 000 and in-plane Q in was 105 000.
Transmission Spectra in Nonlinear Regime
Fig. 3(a) showed the transmission spectra of through port at various input powers. The input power was defined as the power coupled into the PhC waveguide, and was calculated from the power at the output port of the tunable laser and coupling efficiency. When input power was increased to 4.65 W, shown in Fig. 3(b) , resonant wavelength of the cavity was red-shifted and transmission waveform became asymmetrical, indicating that nonlinear effects occurred in the nanocavity. The ultra-low input power for observed nonlinear cavity characteristics experimentally, 4.65 W, was lower than half of previous reports for similar silicon 2-D nanocavities [21] - [23] . As input power increasing, the slope of the transmission waveform on the shorter wavelength side of the dip decreased continually, and the slope on the longer wavelength side of the dip became sharper and sharper. When input power was increased to 26.1 W, shown in Fig. 3(c) , red shift of resonant wavelength reached 28 pm, which was bigger than ffiffiffi 3 p =2 Ã FWHM, where FWHM was the full-width-half-maximum of the resonant dip at very small input power. In addition, a sharp rise was observed on the longer wavelength side of the dip, which was a direct evidence of the bistable behavior of the nanocavity [16] , [27] . The threshold power for optical bistability observed experimentally, 26.1 W, was also lower than previous reports in similar silicon 2-D nanocavities [21] . The threshold power for optical bistability was experimentally obtained by considering the lowest input power for which a sharp rise can be observed and red shift of resonant wavelength reached ffiffiffi 3 p =2 Ã FWHM. Actually, the threshold power obtained from the nonlinear spectra measurement employ here was more accurate than that obtained from the hysteresis curve of the input and output power at a fixed wavelength. The measuring of hysteresis curve was more sensitive to the temperature fluctuation, particularly when the Q factor of the nanocavity was very high. We observed the hysteresis curves in our nanocavity experimentally. We fixed the laser at a wavelength detuned by from the resonant wavelength of the cavity, and measured input powers versus output powers for upward and downward sweeps of the power level. As shown in Fig. 4(a) , we fixed the input wavelength at 1551.706 nm, which the wavelength detuning was 32 pm. Red, black lines represented upward and downward sweeps of the power level, respectively. The clear hysteresis between the OFF and ON branches can be observed. The hysteresis curve for wavelength detuning 47 pm was shown in Fig. 4(b) . As seen in Fig. 4(b) , the switching power increased as became bigger.
Analysis and Discussion
Due to the high Q factor, long resonant photon lifetimes and small mode volume of PhC cavity here, stored electromagnetic energy density could be extremely large in the cavity. Various nonlinear behaviors may occur in the cavity, including two-photon and free-carrier absorption, thermo-optic effect, plasma dispersion effect and Kerr effect. In addition, linear absorption of Bcold nanocavity[ (as opposed to radiation in Bcold nanocavity[) should be also considered in our analysis.
In order to analyze nonlinear behavior in the PhC cavity observed in our experiment, we use nonlinear light propagation equation derived from coupled-mode theory considering nonlinear effects. Linear coupled mode equation is given by [26] ,
where u is the complex amplitude of light propagating in the PhC nanocavity, which is normalized by letting juj 2 equal to the mode energy, and ! 0 is resonant angular frequency of Bcold nanocavity[. 1= total and 1= in are the total decay rate and the rate of decay into bus waveguide, respectively. S þ1 is the complex amplitude of input light in the PhC waveguide, is the propagation constant in the bus PhC waveguide, shown in Fig. 5 .
Due to the crystal symmetry of Si, second-order nonlinear effects can't occur, but third-order nonlinear effects, including two-photon absorption (TPA) and Kerr effect, are expected to be dominant. Since the absorption of light energy through TPA and linear absorption in silicon leads to the generation of free-carriers, free-carrier absorption (FCA) and plasma dispersion effect are also considered in our model. In addition, as the absorbed energy through TPA and linear absorption is finally converted into thermal energy, temperature of Si increases, leading to increases of refractive index n of silicon due to thermo-optic effect. So thermo-optic effect is also taken into account in our model.
Under nonlinear condition, resonant angular frequency of the nanocavity would be
where Á! thermal , Á! plasma , Á! kerr are the shifts of resonant angular frequency, due to thermo-optic effect, plasma dispersion effect and Kerr effect, respectively. Detailed nonlinear effect formulas are given by [23] . Total energy decay rates would be, (2) and nonlinear effects equations given by [23] , the coupled nonlinear dynamical behavior of our nanocavity system is numerically integrated. Using the physical parameters given by [28] , we perform nonlinear coupled mode theory calculations for various input powers used in the experiment and derive the transmission spectra of the nanocavity. The calculation results, shown in Fig. 6 , are in good agreement with experiment results presented in Fig. 3 . It indicates that nonlinear model derived here can simulate the various nonlinear phenomenon in silicon nanocavities effectively.
In order to analyze the contributions of various factors to the nonlinear effects and bistability in silicon nanocavities, the effects of some parameters, including (i) Q factor of the nanocavity, (ii) effective thermal resistance of the nanocavity, (iii) linear absorption loss of Bcold nanocavity[, (iv) effective free-carrier lifetime, are investigated by numerical simulations.
Transmission spectra of a nanocavity with a Q factor of 10 000 (FWHM $155 pm, Q v ¼ Q in ¼ 20 000), which is much lower than the Q factor of our fabricated nanocavity, are also calculated using the nonlinear model derived above for comparison, shown in Fig. 7(a) . As seen in Fig. 7(a) , transmission spectra seem to be almost symmetrical for all the input powers used in our experiment, and there is no sharp rise on the longer wavelength side of the dip. When input power is increased to 81.2 W, red shift of resonant wavelength is about 63 pm, which is still much lower than 134 pm ð$ ffiffiffi 3 p =2 Ã FWHMÞ. It indicates that there is no bistability in this low Q nanocavity at this energy level, while optical bistability occurs at input power $ 26:1 W in the high Q ðQ $ 60 000Þ cavity. The Q factor represents the ability of stored energy in the resonant cavity. Higher Q factor indicates a lower rate of energy loss relative to the stored energy of the resonator; the oscillations die out more slowly. Due to the high Q factor of the cavity and small mode volume, stored electromagnetic energy and energy density could be extremely large, thus optical nonlinearities would be non-negligible. The stored energy density in the low Q factor ðQ $ 10 000Þ cavity is much lower than the density in the high Q ðQ $ 60 000Þ cavity, the nonlinear effects in the low Q factor cavity would be much weaker. Therefore, we conclude that observed ultra-low power for optical nonlinearity and bistability in the experiment result from the high Q factor of the nanocavity.
Cavity characteristics are greatly affected by the total refractive index change, which is dominated by thermo-optic effect in the nanocavity. We investigate threshold powers for optical bistability by changing the effective thermal resistance of the nanocavity, which is the ratio of temperature rise to the absorbed energy and determines by mechanical structure of the nanocavity. We take input power, for which a sharp rise can be observed and red shift of resonant wavelength reaches ffiffiffi 3 p =2 Ã FWHM, as threshold power for optical bistability. The results, shown in Fig. 7(b) , indicate that as effective thermal resistance increasing, threshold power for optical bistability decreases exponentially. Therefore, if thermal resistance of the nanocavity was much larger, threshold power for optical bistability would be much lower.
In order to achieve larger thermal resistance, the property of thermal confinement in the nanocavity should be much better. As we know, air could be considered a good insulator, and heat almost cannot escape via air, by contrast, silicon is a good heat conductor and heat can pass quickly via silicon. In our silicon 2-D air-bridged PhC nanocavity, the cavity is surrounded by air out of plane, but in the plane, the cavity is connected with silicon slab, which is a path for thermal energy leakage. If the structure of the nanocavity is modified to enhance the confinement of thermal energy, the effective thermal resistance of the nanocavity would increase, leading to an even smaller threshold power for optical nonlinearity and bistability in the nanocavity. Therefore, extremely low threshold power for 1-D nanocavities could be attributed to their good confinement of thermal energy and large thermal resistance.
Transmission spectra of the nanocavity at input power of 26.1 W are calculated with various linear absorption coefficients, including 0, 0.2, 0.4, and 0.6, shown in Fig. 8(a) . Linear absorption coefficient is defined as the ratio of the loss due to linear absorption to the total loss in the Bcold nanocavity[, ¼ loss lin =ðloss lin þ loss rad Þ. As seen in Fig. 8(a) , if we don't consider linear absorption in the model ð ¼ 0Þ, calculated transmission spectra are almost symmetrical, which are in bad agreement with experiment results presented in Fig. 3 . If we take linear absorption as 0.4, calculated results would be in good agreement with experiment results. The increase in the density of free-carriers, which are generated through TPA, may lead to plasma dispersion effect. So we investigate the contribution of effective free-carrier lifetime to the cavity characteristics. As shown in Fig. 8(b) , transmission spectra of the nanocavity with input power of 26.1 W and of 0.4 are calculated with various effective free-carrier lifetimes. We assume free-carrier lifetime as 0.1, 0.5, 0.9, 1.3, 1.7, 2.1 ns here, which is usually 0.5 ns in PhC nanocavity [23] . The results indicate that cavity characteristics are almost identical with lifetime ranging from 0.1 ns to 2.1 ns. In the nanocavity, cavity characteristics are dominated by the total refractive index change due to thermo-optic effect, however, response time of thermo-optic effect is very long relatively and in the order of 1 s. So free-carrier lifetime ranging from 0.1 ns to 2.1 ns would not influence cavity characteristics.
Conclusion
We demonstrated ultra-low power nonlinear response and bistability behavior in silicon 2-D photonic crystal nanocavity experimentally. Nonlinear cavity characteristics were observed at ultralow power of 4.65 W, which was lower than half of previous reports, bistability behavior was observed at low power of 26.1 W, which was also lower than previous reports in similar silicon 2-D PhC nanocavities.
Analysis using the nonlinear coupled mode model presented above indicated that nonlinearity and bistability behavior were mainly attributed to the high Q factor and large thermal resistance of the nanocavity here. The optical nonlinearity and bistability were dominated by thermo-optic effect induced by two-photon absorption, free-carrier absorption and linear absorption in silicon nanocavities. Increasing thermal resistance of the nanocavity was an effective method to obtain even lower threshold power for bistability. In addition, we investigated the influence of linear absorption coefficient and free-carrier lifetime to the cavity characteristics.
The ultra-low power nonlinear response and bistability behavior demonstrated here indicate that, high Q silicon 2-D PhC nanocavity has great potential for all-optical signal processing.
